Introduction
Kidney lesions related to cadmium and mercury exposure have been reported both in humans (Fowler, 1992; Elinder and Järup, 1996; Clarkson, 1997) and wildlife species such as seabird Osborn, 1983, 1984; . Thus, tubular dysfunction in human already appears when cadmium concentrations in the kidney cortex reach 50 µg g -1 (Elinder and Järup, 1996) . Since marine mammals are relatively long-lived species and occupy the higher trophic levels, they are expected to accumulate relatively high metal levels.
Moreover, cadmium levels found in the Arctic fauna are often much higher than in animals from temperate regions (Wagemann et al., 1990; Dietz et al., 1996 Dietz et al., , 1998 . Some of the highest cadmium levels have been found in marine mammals from the Faroe Islands (Julshamn et al., 1987; Caurant et al., 1994) , partly due to the consumption of highly concentrated cephalopods (Bustamante et al., 1998) . These levels were higher in more than 75% of the population of pilot whales than the critical concentration of 50 µg g -1 wet wt. (Caurant and Amiard-Triquet, 1995) . As no pathological effect study had been carried out previously on Arctic cetaceans, a study was initiated in august 1997 on white-sided dolphin (Lagenorhyncus acutus) caught in a drive fishery of the Faroe Islands, which is a great opportunity to sample very fresh tissue on numerous individuals at different stages of the life cycle. All the sampling and fixation steps were made on field. Cadmium, copper, mercury, selenium and zinc in liver, muscle, gonads and kidney have been analysed by absorption spectrophotometry (unpublished data). Histological and ultrastructural investigations of the kidney tissue have been carried out in five individuals, using light and electron microscopy, and X-ray microanalysis.
Materials and methods

Sampling
During a drive fishery in August 1997 in the Faroe Islands, a school of 150 Atlantic whitesided dolphins has been captured. Kidney tissue was sampled in five dolphins both for metal determination and histological investigations. The characteristics of these individuals and the results of cadmium and mercury analysis are shown in Table 1 .
Metal concentration determination
Tissue samples were dried for several days at 60°C to constant weight. Two aliquots of approximately 300 mg of each homogenised dry sample were heated with a mixture of 4 ml of 65% supra-pure nitric acid and 200 µl of 70% suprapure perchloric acid at 65°C until the solution was clear. Blanks were carried through the procedure in the same way as the samples.
Cadmium was determined by atomic absorption spectrophotometry (AAS) using a Varian spectrophotometer Vectra 250 Plus with deuterium background correction. Mercury was determined by inductively coupled plasma mass spectrometric (ICP-MS) detection, using a
Varian Ultramass 700. The detection limit for cadmium and mercury was 0.1 and 0.2 µg g -1 wet wt., respectively. As an analytical quality control, standards of the NRC Canada (Dogfish liver: DOLT-2) were analysed using the same procedure. Our results (20.9±0.5 µg g -1 wet wt.
for Cd and 2.13±0.28 µg g -1 wet wt. for Hg) were in good agreement with the certified values:
20.8±0.5 µg g -1 wet wt. for Cd; and 2.14±0.28 µg g -1 wet wt. for Hg.
Light and electron microscopy
Slices of kidney were prefixed in 10% formalin, then post-fixed in Bouin fixative. After deshydratation and clearing in toluene, they were embedded in paraffin. Sections (7 µm) were stained with Azan for histopathological examination of the kidney cortex. Very small pieces of renal tissue were fixed on field in 4% glutaraldehyde in 0.4-M cacodylate buffer, pH 7.3. In the laboratory, samples were post-fixed in 2% osmium tetroxyde in cacodylate (0.4 M) for 30 min at room temperature, processed through a graded acetone series, embedded in Spurr and polymerized for 3 days at 70°C. Semi-thin sections (1 µm) were cut and stained with toluidine blue, APS and Marinozzi for light microscopy examination. Thin sections (0.5 µm) were stained with uranyl acetate and lead citrate (Reynolds, 1963) and then examined with a JEOL-JEM 1010 electron microscope (JEOL, Tokyo, Japan).
X-Ray analysis
Microanalysis were performed on non-stained thin sections with a Philips CM 120 electron microscope equipped with an EDAX X-ray detector at 120 kV. The energy dispersive X-rays (EDX) detector is positioned on the electron microscope, close to the sample in order to capture X-rays as they emerge from the beamed surface of the sample. Under typical operating conditions on the electron microscope, it is possible for the EDX system to detect approximately 0.5% of all the elements from carbon to uranium. Quantitative X-ray microanalysis was done in X-rays imaging mode on zones with many granules and in nanoprobe mode on different parts of the granules.
Results
Metal concentrations in tissues
Cadmium and mercury concentrations in the kidney samples are given in Table 1 . Cadmium concentrations in the whole kidney were less than the detection limit in immature individuals and ranged from 22.7 to 31.1 µg g -1 wet wt. (106.8 to 149.1 µg g -1 dry wt.) in the mature individuals. The mercury concentrations ranged from 0.1 to 2.5 µg g -1 wet wt.
Light microscopy observations
The examination of kidney slices revealed a structure as described by Ridgway (1972) for cetacean kidney cortex. Morphological studies showed alterations in proximal tubule. They were mainly characterised by vacuolation, numerous lysosomes and tubular lumens filled by cytoplasmic debris. Some renal corpuscules showed little signs of abnormalities: a more pronounced coloration of the basal membrane, which shows its thickening; a swollen capillary loops; and some external debris (Fig. 1) .
Electron microscopy observations
Cells in various stages of degeneration were observed within the same tubular profile, necrotic cells often neighbouring cells of normal appearance. Exfoliation of necrotic cells into the lumen of the tubules was also evident. In the proximal tubule cells, many lysosomes were common as well as small membrane bound vesicles, which were scattered evenly throughout the cytoplasm. Few normal mitochondria were observed. In many cases, they had swelling appearance or were totally degenerated. Very abundant granules of diameter up to 300 nm were observed in the basement membrane of the tubules of the individuals 1 and 3 (Fig. 2 ).
They were composed of clustered spherical particles with well-defined shapes, which formed continuous rings.
X-Ray analysis
These kidney granules have been investigated by EDX analysis. X-Ray imaging permitted to identify numerous strata mineral deposit of calcium (Ca) and phosphate (P). The nanoprobe analysis revealed the molar ratio of Ca:P was 1:1.6, and the presence of cadmium traces in the middle of the concretions with a molar ratio of Ca:Cd of 10:1 (Table 2) .
Discussion
In the Faroe Islands, several top predators such as the long-finned pilot whale Globicephala melas (Caurant et al., 1994) or seabirds (unpublished data) exhibit high cadmium concentrations. Levels in white-sided dolphins Lagenorhyncus acutus are lower than those of pilot whales from the same area, but much higher than those encountered in numerous dolphin species from lower latitudes (Law et al., 1991 (Law et al., , 1992 Mackey et al., 1995; Holsbeek et al., 1998) . Considering that Cd concentration in the kidney cortex is 50% higher than in the whole kidney (Tsalev and Saprianov, 1983) and that cadmium concentrates in the proximal tubular cells of the nephron, several individuals would reach 50 µg g -1 wet wt. in the cortex, the critical concentration established by Elinder and Järup (1996) and the question of the effects of toxic elements in wild animals is raised. Thus, an histopathological study of the kidney tissue has been initiated since renal damage is one of the most important effect of cadmium and the most frequently described non-neural effects of methyl mercury. The investigation of the kidney tissue in light microscopy has allowed to show abnormalities of some renal corpuscles, which could be the expression of a renal suffering (Fig. 1) , without this being necessarily the cause of a damage to the functioning of the organ. The kidney has a large spare capacity in that not all nephrons are needed to be continuously functional. Moreover, the regenerative capacity of the kidney is very great. Nevertheless, they may be times in the life cycle when such damage could be more critical (e.g. breeding period when demands on essential metal are higher, or when food is short). Besides this, necrotic figures appeared, probably as a consequence of elapsed time between death and sampling, which could have reached 2 and 1 h more for the sampling time between the first and the last individual,
respectively. This delay is sufficient to give rise to ischemic injury (Moore and Stegeman, 1996; Goujon et al., 1999) and could be the cause of the vacuolation.
The most important result concerns the ultrastructural investigations, which have shown calcium phosphate concretions in the basal membrane of the kidney tissue of two individuals (Fig. 2) . Granules containing mercury and selenium have already been reported in the liver of marine mammals and birds (Martoja and Viale, 1977; Nigro and Leonzio, 1996) , and the respiratory system of cetaceans (Rawson et al., 1995) , but to our knowledge this is the first report of granules containing cadmium in a wild vertebrate. The occurrence of metalcontaining granules is well documented in invertebrates (Simkiss, 1976; Brown, 1982) and the functions of calcium phosphate granules in invertebrates have been reviewed by Simkiss (1976) . Two main functions have been described; a skeletal and a dynamic function -such as excretion, storage and Ca mobilisation and/or detoxification -carried out by type A and type B granules, respectively. Type B granules are typically spherical with pronounced layered structures. In invertebrates, only phosphate-rich granules appear to sequester cations (Brown, 1982) and the range of metals that they contain has been interpreted as a system for removing contaminating anions from the body fluids (Simkiss, 1976) . As examples, copper-containing granules in crustaceans are clearly used as a store for this element from the blood and represent a mechanism for taking potentially toxic concentration of metal out of circulation; in the same way, zinc-rich granules formation in Balanus balanoides functions as a cellular route for detoxification of heavy metal ions (Simkiss, 1976) . In these marine mammals exhibiting high levels of cadmium, these granules could constitute a way of immobilisation and detoxification of the metal.
Nevertheless, the appearance of such stones in human kidneys is always pathological, and could be a sign of the perturbation of calcium metabolism. Thus, a high calcium phosphate excretion resulting of a dysfunction of the tubular reabsorption (Tsalev and Saprianov, 1983; Lauwerys, 1990) as well as an increased prevalence of kidney stones (Lauwerys, 1990; Elinder and Järup, 1996) have been noted after cadmium exposure in human. Some effects of persistent organic pollutants have already been shown in marine mammals, but it is commonly admitted that these species have developed detoxification processes of trace elements allowing them to support very high concentrations (Dietz et al., 1998) . The processes are fundamentally direct elimination and/or bioaccumulation of a non-toxic product.
In mammals kidney cadmium is mainly bound to metallothioneins, low weight proteins, (Webb and Cain, 1982; Lauwerys, 1990) , which are able to prevent organisms from the toxic hazard resulting from a high exposure to this element. Thus, these proteins have been widely studied since their first discovery (Margoshes and Vallee, 1957) and their protective action against cadmium toxicity has been reviewed (Klaassen et al., 1999) . Metallothioneins have recently been reviewed in marine mammals and they have been detected in liver and kidney of 10 marine mammal species (Pinnipeds and Odontocetes) (Das et al., 2000) . As emphasised by the authors, the participation of these proteins in metal detoxification has been investigated since high levels of cadmium have been measured in liver and kidney of marine mammals.
They show that the percentage of the cytosolic cadmium bound to metallothioneins can reach almost 100%, that close and dynamic interactions occur between cadmium and these proteins and that those animals can mitigate at least in part, the toxic effect of cadmium.
Nevertheless, a previous study carried out on pilot whales from the Faroe Islands has shown that although cadmium mean concentrations were similar in the liver of two different groups, metallothionein mean concentrations were more than three fold lower in one of them with lower percentage of cadmium bound to the metallothioneins (6 vs. 51%) (Amiard-Triquet and Caurant 1997). Therefore, the presence of cadmium containing granules in kidney tissue of a wild animal firstly, confirms that cadmium can be found as inorganic form in a mammal kidney and secondly, that detoxification processes could lead to some toxic effects. These toxic effects are all the more conceivable as cadmium is a cumulative element and one can expect a higher frequency of damage in the older individuals of the population. Thus, the older individual exhibiting these granules was only 14 years in this study, whereas the maximum age found in this species was 27 years (Sergeant et al., 1980) .
Ultimately, marine consumers have the common task of reducing heavy metals toxicity as a consequence of their high dietary intake, but this study would suggest that long-term effects of cadmium exposure on wild animals cannot be excluded. 
